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Introduction
Permafrost soil store an estimated 1035 Pg carbon (C), more than is currently stored in the atmosphere (Hugelius et al 2014) . Warmer air temperatures, soil temperatures and the resulting permafrost thaw can result in large losses of soil organic matter due to increased decomposition (Natali et al 2011, Schuur et al 2015) . Even in tundra soils that remain very cold throughout the year, periods outside of the traditional 'growing season' can be important controls of annual carbon and nitrogen budgets (Hobbie and Chapin 1996, Natali et al 2011). While C gas fluxes have been quantified at a number of sites for periods outside of the traditional growing season, few studies have explicitly investigated C and N leaching outside of the growing season and prior to fall freeze-up, especially from tundra soils (Harms and Jones 2012). In subarctic streams and rivers, higher inorganic N concentrations have been measured during the late growing season and fall (Petrone et al 2006 , Cai et al 2008 , suggesting that nutrient cycling and leaching during these periods potentially play an important role in annual nutrient export.
Climate warming has resulted in both shorter winters and longer thawed periods due to an earlier spring Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
onset and later fall freeze-up (Serreze et al 2000 , Euskirchen et al 2006 , Barichivich et al 2012 , extending the time in which heterotrophic respiration can occur. Unlike an earlier spring thaw, extending the thawed period into the fall has little effect on timing of plant senescence (Oberbauer et al 1998) or rates of photosynthesis (Starr et al 2008) because of the limited daylight hours. However, in other nutrient-limited ecosystems, such as moist acidic tundra and boreal peatlands, increased heterotrophic activity associated with later onset of freezing and warmer soil temperatures resulted in both greater soil C losses and greater N mineralization (Clein and Schimel 1995 , Hobbie and Chapin 1996 , Michaelson and Ping 2003 , Aerts et al 2006 . In both alpine and arctic tundra sites, N mineralized during the spring and early summer is assimilated into plants, while N mineralized in the fall is more likely to be assimilated into microbial biomass, and less likely to be taken up by plants due to senescence (Jaeger et al 1999, Schmidt et al 1999, Edwards and Jefferies 2013) . N mineralized during the fall can also be leached from the soils during precipitation events (Harms and Jones 2012). However, little data is available specifically addressing N fluxes between soil pools, plants pools, and soil microbial pools after plant senescence and prior to spring green-up in low arctic tundra, especially from wet sedge tundra.
The mineralization of N during fall has important implications for soil N retention versus leaching to aquatic ecosystems, especially given the likelihood of the increased duration of microbial activity due to later freeze-up and earlier spring thaw in the future. We hypothesized that a longer thaw season with a later fall freeze and earlier spring thaw would increase microbial respiration resulting in increased C and N mineralization and subsequent ecosystem leaching loss with precipitation events. However, nutrient assimilation into microbial biomass has been found to offset nutrient losses during the winter in other sites; no data is available from riparian tundra regions.
Riparian areas are an important place for biogeochemical transformations prior to terrestrial export to aquatic ecosystems. This study focuses on a riparian area that is classified as non-tussock sedge, dwarf shrub, moss tundra, which covers an estimated 569 000 km 2 of the arctic and is one of the most common types of tundra (Walker et al 2005) . However, nutrient cycling in this type of tundra is poorly understood. While the plant species composition in these riparian non-tussock sedge, dwarf shrub, moss tundra is relatively similar to the more well-studied areas of moist acidic tundra, these riparian sites are poorly drained with mire-forming vegetation and receive some hydrologic inputs from the surrounding areas. Changes in C and N cycling due to decoupling of plant-microbe interactions either within these ecosystems or in the adjacent, well-drained tundra areas could alter the long-term ecosystem productivity in both the riparian areas and downstream ecosystems.
To assess the effects of longer thaw seasons on soil C and N losses, we used a laboratory mesocosm experiment to manipulate the length of the soil thaw period by extending the date of fall freeze-up and inducing an earlier spring thaw. Our research questions were:
(1) Does an extended thaw lead to greater ecosystem losses of C and N because plants do not take up nutrients mineralized by microbes?
(2) If an extended thaw leads to greater ecosystem losses of C and N, does microbial biomass C and N increase due to assimilation of these additional nutrients?
We conducted a laboratory experiment to determine the effects of longer thaw duration on ecosystem respiration (ER) and leaching of C and N by leaching using soil mesocosms that contained intact active layer organic soils (typic hemistel) from tundra with and without living vegetation. We measured seasonal variations in net carbon dioxide (CO 2 ) exchange, methane (CH 4 ) emissions, microbial biomass C and N, and leaching of dissolved organic carbon (DOC) and N forms (total dissolved nitrogen (TDN),
and dissolved organic nitrogen (DON)) from tundra organic soils over the course of a simulated growing season and late freeze treatment.
Methods
Site description Soil cores were taken from a wet sedge tundra mire (non-tussock sedge, dwarf-shrub, moss tundra) (Walker et al 2005) near Toolik Field Station, Alaska, USA in September 2011 (68.607°N, 149.594°W). The mean annual air temperature is −10°C and the mean annual precipitation ranges from 200 to 400 mm, including snow water equivalents. The snow covered season generally lasts from September or October through early June, with green-up occurring after snowmelt and plant senescence occurring in mid-to late-August (Environmental Data Center Team 2016) The riparian site is adjacent to a beaded stream ('Peat Inlet') and has been previously described (Treat et al 2014) . The soils used in this experiment have histic epipedons, permafrost, pH ranging from 4.8 to 7.1 (table S2), C contents that ranged from 22% to 54% (table S3) , and were classified mainly as typic hemistels (Soil Survey Staff 1999) . Two cores were classified as fluvaquentic historthels because layers within the top 30 cm had slightly lower C content (17%-18%) and some evidence of iron oxidation. Mean soil C/N ratios were 21±10, and ranged from 15 to 61 (table S3) .
Eighteen 10 cm diameter soil cores were sampled within a 50 m×100 m area that was dominated by vascular vegetation and mosses including Carex spp., Eriophorum spp., Sphagnum spp., scattered Betual nana and Hylocomium species. Intact soil cores, including surface vegetation of Carex spp. and Eriophorum spp., were taken in September 2011 after plant senescence to capture the maximum extent of thaw depth (∼30 cm) using a 10 cm diameter beveled PVC corer. Sampling was conducted in the fall to minimize disturbance; care was taken while sampling to avoid compaction of the upper soil layers. After sampling, the cores were frozen to −10°C over two days to simulate winter conditions, shipped and stored frozen at the University of New Hampshire until the experiment was begun.
Laboratory setup
We conducted a laboratory experiment to determine differences in C and N cycling due to longer thaw durations using 18 replicate intact soil cores from tundra. Soil cores were assigned to the ambient treatment (normal thaw period of 129 days, n=5), to the late freeze treatment that had later soil freezing in the fall and earlier thaw in the spring (table 1, n=6), or to be destructively harvested during the experiment prior to starting the late freeze/early thaw treatment (n=7). For the late freeze treatment, we simulated an additional 23 days of thaw at 5°C during the fall and 7 days of thaw during the spring based on recent observations (Barichivich et al 2012) by using an incubation chamber to regulate soil temperature and light levels. During the spring, soil temperature and daylight hours were increased in gradual steps from −10°C and 0 h to 10°C and 18 h, kept at a plateau of 10°C and 18-24 h during the summer and were decreased in gradual steps at the end of the experimental growing season to 2°C-5°C and 0-6 h (table 1, figure 1). The winter season was the same for all cores with a mean temperature of ∼−11.5°C at 10 cm (table 1) and was similar to winter soil temperatures in the Toolik area (Oechel et al 1997) despite the lack of snow cover in this experiment that would have insulated the soils from even colder air temperatures and been a source of melt water during the spring. The final spring period saw soil temperatures gradually increase to 4°C although the timing was 7 days earlier in the late freeze/early thaw treatment than the ambient treatment. All cores received the same amount of daylight and were held at field soil capacity. Due to disturbance effects, vegetation regeneration occurred in only ∼50% of cores during the first experimental spring. We included vegetation presence/absence as an additional a Growing conditions were the same for both seasonality treatments (ambient and late/early thaw). treatment and used stratified random sampling when assigning the cores to the late freeze treatments. We measured above-ground plant biomass, soil C and N pools, microbial biomass C and N pools, CO 2 and CH 4 fluxes, and DIN (
) DON, and DOC leaching seasonally throughout the experiment with the exception of the end of winter. Net ecosystem exchange (NEE) and ER were measured weekly. Measurements of DOC, DIN, and DON leaching were made before each seasonal transition using an extraction of soil porewater with a stainless steel porewater sampler attached to a syringe following a simulated precipitation (rainfall) event (table 1). Destructive harvests of a subset of cores followed the seasonal transitions for determination of soil carbon stocks, nitrogen stocks, and microbial biomass (table 1). Soil temperatures at 2 cm, 10 cm were measured simultaneously using type T thermocouples and data collected on a datalogger (CR1000, Campbell Scientific, Logan, Utah, USA). Thaw depth within the cores was measured concurrently with weekly flux measurements (table 1).
Measurements of CO 2 and CH 4 fluxes were made weekly using static chamber techniques (Carroll and Crill 1997). NEE and ER used light and dark chamber measurements of CO 2 flux; gross primary productivity (GPP) was calculated as the difference between the measurements due to plant CO 2 uptake. Concentrations of CO 2 in the chamber headspace were measured using an infrared gas analyzer (Li-Cor Biosciences, Lincoln, Nebraska). Methane fluxes were measured using dark chambers for a period of ten minutes; CH 4 concentrations were measured using a gas chromatograph equipped with a flame ionization detector (Treat et al 2007) .
Seasonal measurements of DOC and N leaching were made before each seasonal transition (table 1) by simulating a precipitation event, with the exception of winter as the soil was still frozen. The total leaching approximated annual precipitation for the site (∼300 mm). We slowly added ∼60 mm runoff (DI water) over a period of 4-6 h and extracted the soil pore water ('leachate') from the bottom of the active layer 12 h later (Judd and Kling 2002). Soils could not always drain freely due to presence of frozen layer at the bottom of the core, so the leachate was extracted until soils either stopped draining freely and no more leachate was extractable, or an equal volume of leachate was extracted. Leachate was filtered using a 0.77 μm GF/F filter and frozen until analysis for DOC, Destructive harvests of soils and vegetation were used to determine seasonal changes in above-ground vegetation biomass, microbial biomass C and N, and soil C and N stocks. Entire soil cores were harvested seasonally throughout the experiment both prior to and after the thaw-season length treatments were established (table 1). The remaining soil cores were harvested at the end of the experiment and compared to determine experimental differences. Green aboveground vegetation was removed, dried and weighed. Soil cores were sectioned into 5 cm increments and analyzed for bulk density, soil moisture, and C and N content. Carbon and N content of bulk soils were measured using an elemental analyzer (Costech Inc., Valencia, CA, USA). Total microbial biomass C and N was measured in surface soils (0-15 cm) seasonally throughout the experiment and concurrently with the destructive harvests, using chloroform fumigation and K 2 SO 4 extraction (Vance et al 1987) and an extraction efficiency for arctic soils of k EC =0.35 and k EN =0.4 (Jonasson et al 1996).
Statistical analysis
We tested for treatment effects and seasonal differences using mixed effects modeling. When testing for seasonal treatment differences, we used mixed effects modeling to account for repeated sampling using the same cores, and included core as a random effect. Correlations among variables in the mixed effects models were fit using restricted maximum likelihood and including core as a random effect. We used Tukey's Honest Significant Difference (HSD) posthoc tests to identify significant pair-wise differences among means for seasons and vegetation treatments. When testing for the seasonal effects, the vegetation differences were considered a continuous variable that was covariate among the cores, and thus were implicit in the model structure and accounted for by the random 'core' effect. We explicitly tested for vegetation treatment differences (with and without living vegetation) within each season using an analysis of variance and Tukey's HSD post-hoc test. All statistical analysis were done using R (R Development Core Team 2008); mixed effects modeling was done using the R package lme4 (Bates et al 2015) .
Results and discussion
Nitrogen leaching was largest during the fall and late freeze periods of the experiment for both treatments. TDN leaching was >70% higher during the fall and late freeze periods than during the summer and spring, mostly due to elevated -NO 3 and + NH 4 losses compared to the earlier seasons ( figure 2, table 2 ). The late freeze was an important contributor to the overall N budgets. Over half (53%) of total annual -NO 3 leaching and 50% of total annual + NH 4 leaching occurred during the late freeze period. Nitrate was the largest component of N leaching during the fall period (43.0±9.5%) and accounted for 50% of total N leaching for the season (table 2). However, differences in cumulative N leaching were not significantly different between the ambient and late freeze/early thaw treatment due to high variability ( (Schaeffer et al 2013) , highlighting the importance of late summer and fall for understanding annual nitrogen budgets.
The fall seasons were also important for C dynamics. ER was significantly higher in both the fall and the late freeze periods than the spring and summer periods for both treatments ( figure 3(a) ), while GPP was highest in the summer ( figure 3(b) ). However, the magnitude of GPP was much smaller in this study than field observations, likely a result of disturbance effects resulting from the mesocosm approach, including potential damage to the root system. Low rates of GPP Figure 2 . Seasonal leaching of (a) dissolved organic carbon (DOC); (b) total dissolved nitrogen (TDN). Late freeze (late) and early thaw (early) treatments include only data from the late freeze/early thaw treatment. Spring1 and Spring2 indicate the initial and final spring measurement periods, respectively. Letters indicate significant differences between seasonal measurements (P<0.05). Table 2 . Mean daily production of leaching constituents for the thaw duration treatments over entire 189 day experiment. Late freeze values include only late freeze/early thaw treatment; other seasons represent both treatments. In other seasons, differences between treatments were not significant (P>0.10; table S1). Superscript letters indicate significant differences (P<0.05) among seasonal means. ) (Shaver and Chapin 1991) . Methane and DOC losses were highest during the fall season for both treatments (figures 2(a) and 3(c)).
High N leaching during the fall may have resulted from increased microbial decomposition of soil organic matter due to warmer soils and deeper active layer depths, increased root mortality, reduced microbial uptake and immobilization of N, or some combination of the above. Decomposition of soil organic matter in tundra soils is strongly positively correlated with temperature (Hamdi et al 2013) . Therefore, we would expect the highest rates of the decomposition of soil organic matter to occur during the warmest period of summer (table 1), which has been observed in previous field studies in nearby sites (Grogan and Chapin 1999, 2000) . In this study, however, rates of ER were highest during the fall for both treatments despite cooler temperatures ( figure 3) . Similarly, if the thawing of N-rich soils at the interface of the active layer and permafrost was the source of N leached from the soils ( figure S2; , we would expect that highest rates of N leaching would coincided with the initial thaw during the early part of the summer. While total TDN leaching was positively correlated with thaw depth for all seasons using data from the individual cores (r=0.27, F 1,64 =4.95, P=0.03), the greatest seasonal leaching of TDN occurred during the fall when thaw depths were shallower than the summer (figure 2; table 1), indicating that the source of N released during the fall was not from deeper soils at the interface between the permafrost and the active layer. Results from both ER and nitrogen leaching suggest that the decomposition of soil organic matter is unlikely to be the sole source of C respired and N leached during the fall period from either the warm and shallow soils or recently thawed, deep active layer soils.
The decomposition of plant roots and subsequent leaching likely contributed to high N leaching during the fall in this experiment. In this experiment, root mortality and decomposition likely occurred throughout the measurement period due to disturbance effects of the initial sampling in comparison to field conditions, especially in cores without vegetation. During the summer season when GPP was highest, During the fall, field studies in other tundra types have observed that available N from bulk soils is assimilated into microbial biomass, which buffers soil N loss after plant senescence (Jaeger et al 1999, Schmidt et al 1999, Edwards and Jefferies 2013) . In this study, microbial biomass C increased throughout the fall, late freeze and final spring seasons (table 4), as previously observed in organic soils from other tundra sites (Buckeridge et al 2013, Sistla and Schimel 2013) . Microbial biomass C was significantly larger in the final spring than during the previous summer (table 4). Microbial biomass N was not significantly different among the seasons (table 4; P>0.26) but microbial C/N ratios were largest during the fall and late freeze periods, likely due to a transition to fungal dominated communities during the winter (e.g. Buckeridge et al 2013) . In this experiment, leaching of N was highest during the fall but increases in microbial biomass N were not observed. In these organic soils with a relatively low C/N ratio (21±10), the C limitations on microbial growth, especially for fungal communities, likely also contributed to high rates of ammonification and subsequent leaching of + NH 4 from the mineralization of organic matter (Chapin et al 2002) . While the microbial biomass was likely not a direct source of N leached from soils, the microbial mineralization of organic matter and the transition to fungal communities did not immobilize N during the fall and late freeze periods.
Measurements of fall N dynamics (leaching, mineralization, and denitrification) in tundra ecosystems are rare. In this study, TDN leaching during fall period was an important component of the annual budget and was 120% higher than spring and summer period N leaching combined for both treatments ( figure 2(b) ), which made the fall period measurements important for accurately calculating the annual N budget. Two factors in this experiment may have led to an overestimation of leaching from these riparian tundra systems compared with field conditions. First, N may have been flushed from the soils during the simulated precipitation events (60 mm rainfall, ∼15 mm h
), which is a relatively Table 3 . Mean cumulative total gaseous C, DOC, and N leaching for both the ambient and late freeze/early thaw treatments. Standard error is given in parentheses. Results of mixed-effects models used to test for treatment differences ( F-statistics and p-values) are also shown here.
Constituent Ambient
Late freeze/ early thaw high intensity storm. Second, disturbance effects from using intact soil mesocosms resulted in root turnover throughout the experiment which likely also enhanced N leaching, especially during the summer in cores without vegetation. While the magnitude of N leaching measured in this study must be interpreted with caution because of the differences between experimental mesocosm approach and field conditions, the consistent seasonal trends and differences between soil cores with and without plants point to the importance of root turnover in controlling the size of extractable N pools and fall N dynamics, both factors that also likely occur in the field. Nitrogen mineralized during the fall period has three potential fates that depend on soil biology and hydrology: (1) retention in soil microbial N pools; (2) loss as gaseous NO, N 2 O, or N 2 via denitrification; and (3) leaching to other landscape positions, including streams. While nitrogen is not assimilated into plant biomass during the fall, it can be assimilated into microbial biomass in the fall and retained until the spring for plant or microbial growth (Jaeger et al 1999 , Lipson et al 1999 , Schmidt et al 2007 , Edwards and Jefferies 2013 . In this study, microbial biomass increased during the fall and into the final spring (table 4), indicating the retention of N by incorporation into microbial biomass. However, net N leaching remained high during the fall. Net N leaching decreased in the final spring and did not differ significantly between the first and second spring seasons (table 2), which, combined with the increased microbial biomass, suggests that net N immobilization occurred during the fall period. However, N mineralization during the fall in this study outpaced the microbial immobilization in the soil and still resulted in large net leaching.
In conclusion, we found large leaching of N species following the growing season from this riparian tundra site despite increases in microbial biomass. During the period following the growing season, the mineralization of soil organic matter and plant litter exceeded the microbial immobilization of N, likely due to microbial C limitation, and resulted in elevated N leaching losses. If N leaching is sustained in situ during the non-growing season, progressive N limitation could develop as thaw season lengthens. In an already nutrient limited system, long-term changes in N leaching during the fall in arctic ecosystems, such as the riparian tundra in this study, may result in changes to terrestrial and aquatic N cycling, including changes in vegetation composition, ecosystem productivity, N 2 O emissions, and stream food web dynamics. 
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